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DEVELOPMENT OF A ”EEP MOL’T'^OR SYSTEM FOR 
MICHELSON INTERPEE-’METER FOR TIB 


A in'ILTnM-nOOLI'I} 
■O'AfBLAB 


P. Esat'nwan^ 


1. Introduction 

1.1 Astronomy in the Par Infrared 


Due to the development of high sensitivity doteotors and advance- 
ments in cryotechniques j the entire infrared srectral range has been 
made accessible to astronomy within the last decade. Astronomical 
observations in the far infrared (FIR) provide Important information 
for explaining fundamental questions of Astrophysics. Contributions 
to an understanding of the dynamics of the galaxy are expected. Par- 
ticularly on the question of the connection betvreen the stars and the 
interstellar mediuiri (formation and destruction of stars, star genera- 
tion rate). A large fraction of the cosmic objects to be investigated 
are particularly suitable for observation in the far infrared (20 
to 800 //m) : 

a) Cold objects (temperature several K to several 100 K) like 
prostellar clouds emit the majority of radiation energy in this 
spectral range. 

b) The radiation emitted from hot objects (T k. 1000 K) like 
gas clouds and galactic nuclei at greater distances from the sun 
( > 1 kpc) primarily in the visible and UV spectral range is 
greatly weakened by the wavelength dependent dust extinction, 
whereas PIR radiation passes through. 

c) In dense clouds, molecules (especially H., ) xvhich cannot be 
observed by radio transmission because of their small or absent 
dipole moment can be detected by PIR. 

After these successes of Photometry in the last decade, the high 
information content of line radiation (for derivation of temperature, 
density, element frequency, degree of ionisation, electi’on density) 
has been opened up by spectroscopy. These measurements allow decisive 
improvements in the model for the general Interstellar medium or for 
planetary mist. The low development status of IR technology (IR de- 
tectors, cryotechnology ) and the strong absorption and emission of 
water vapor in the earth's atmosphere have hindered earlier spectro- 
scopic investigations. Through the use of IR telescopes on balloons 
or satellites, extensive observations are possible, whereby at balloon 
heights ( 50 km) the emission of the residual atmosplu.<ro still 

severely reduces the sensitivity of the measure monts . Anotlier Inter- 
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for-lnj”, fnotrii* ];*, tli** vhi’*i:*jnai einirr-lon of the mu'ope . ;I<*wevor, this 
can ln> eoviuet' l eo inueh by eoollnr, that; at aatol.Ute alt H uhos the 
•i ivantaro of low eiivl i*on::;ent.al ra .11 at. Ion oan bo fully at Ulaed. Thus, 
’ l.o juH'oui.any hJr.h aonuit..! vlty of the Instrument ic ach.! ovecl (the 
vmlojlou rower output at the doted oi* of a 1-m-tclerror.e is on the 
t'an:;;o of If-*-’ W per sneetral lino). 


1 . f Tbio Mlchelcson lntorforoi!u:‘ter Pasovl on 'HKI. 

As the first heliura-aoolcd teXeso.nro t’or satellite observations 
.also {u rf ermine. Pin opestroscopy , he ‘lerman In fr*’-Ued Laboratory 
(TTI'.L) is now under const met ion, Itn emrloyment. on Space lab is in- 
tc-nriod for IhB'l. Behind the ^10 ,:m telor.cct o (rol.atlvo opening ratio 
f/10) are four instruments for astronotiy and a- ronomy. A 300 liter 
t-ank with sunoroooled helium is in !»ood thermal contact with the in- 
struments and telescope which is to have a tomporature of o 10 K in 
or a ce observation . 


The objective of URL is primarily the observation of star gen- 
eration ropions in the far reaches of the Milky Way and of galaxies. 

The' following inotrumonts will be used: a IR camera, a Photometer/ 

Polarimctcn', a Ebert-Past io spectrometer of moderate resolution 
(which is to perfoi’m measurements of the emissions 'of the ear>th's 
atmosphere), and a Michelson interferometer for high resolution 
spectroscopy in the far infrared (Lemke et al. 1979). This instu- 
ment Is being developed at the Institute for Extraterrestrial Physics. 

It is Intended for spectroscopic use in the range of 20 /im - 200 fim 
v;ith a spectral resolution of (0.0 3/cm) on the order of the widths of 
the measured lines. Figure 1 shows the design of the Michelson inter- 
ferometer. First, the beam path of the astronomic radiation is des- 
cribed. It moves through an tuning lens into the focal plane of the 
instrument. A parallel beam bundle of about h cm diameter is generated 
by a Off-Axis -Paraboloid. This bundle is split at the beam splitter 
to the tvvo interferometer arms and the twin partial beams are reunited 
after reflection from two plane mirrors at the beam splitter. (Use of /^ 
a cube horner is discussed below. ) A second parabolic mirror focuses 
the beam bundle onto the detector. By using a suitable, high sensitive 
detector (NEP < 10-16 W/ , radiation powfer outputs of < 10“l6 w 
per spectral line at an integration time of about 100 seconds can be 
detected. Thus, the detection limit of the system (determined by the 
interference radiation at a Etondue 2 *10 3 cm^sr) is practically attained. 

To adapt the beam path to the space relationships in the GIRL /^ 

cryostat, the beam is diverted several times. The partial beam of the 
mobile interferometer arm Is sent through a cube corner (three plane 
mlrros perpendicular to each other) which can be moved on a I’oli table. 

In this manner the cube coivier can be shifted by 10 cm to achieve ai 
optimum path difference of L -- -ID cm. The fact that tip motions of 

i ^ . -1- ^ n 1... J- *1 ^ ^ T t j . — 


', a Ebert-Past io spectrometer of moderate resolution 
o perfoi’m measurements of the emissions 'of the earth's 
, and a Michelson interferometer for high resolution 
y in the far infrared (Lemke et al. 1979). This instu- 


In this manner the cube corner can be shifted by 10 cm to achieve ai 
optimum path difference of L -- -ID cm. The fact that tip motions of 
the cube corner of about 1 degree do not result In miaadj ustment of 
the parti.al beam is of great significance. The drive of the roll 
table on which the cube corner is found. 1« ner formed hv n c.r».onlf1 »*sss 


the partj,.al beam 1 
table on which the 
e n g i n e . Th c t :! me 
df-'tormiiicd by the 
duii’ements ) . The 
lv>ngth depeu.i'‘nt, o 


I the cube corner 
lino change of opt 
the maximum permi 
The lu: e f ul s poet i 
nt of foot iveness 
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1 deg,ree do not result In miaadj ustment of 
cat significance. The drive of the roll 
orner is found, Is performed by a crankless 
of optical path length Is -fOO //m/sec — 
permissible observation ti.me (mission ro- 
spoctrnl r-ange is dotormliiod by the 'wave- 


r-ange is determined by the wave- 
the beam splitter (mylar foil) and 





P: Plane mirror 

OA: Off-Axis Paraboloid 

Figure 1: Beam path of the Michelson interferometer for GIRL 

the spectral sensitivity range of the detector. All components of the 
inferometer are located in a high vacuum and cooled to helium tempera- 
t ure . 


1 . 3 Evaluation of the Interferogram 

As is known j interference between the two partial beams whose 
phase difference is changed continually by shii’ting cube corner leads 
to an intensity modulation at the detector. Hie intensity I of the 
radiation or of the corresponding detector signal S as a function of 
the optic path difference x is called the interferogram. The spectrum 
of observed radiation (intensity B as a function of v;uve number w ) 
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follows fi'oni the InterforoGram by Fourier trine format Ion 


( 1 . 1 ) 


i'i'Ciri the lhn.ll':,'d nature of the optical jaath Jl ( * ) 

there resuite errors In the speotrum which can be partially corrected 
by apodlsation. Without this correction vro obtrln the follov/lng equa- 
tion for tlie spectral resolution , as a funeticn :f the maximum 
path difference L (see for Instance Vanacne, 3aka 1 ■71); 

( 1 . 2 ) 


Prom this there results for the OIRI. Michel son interferometer 

= 0.013 cm“^ . 


The program controlled evaluation of the interferogram is im- 
plemented by a time saving PPT Algorithm (e.g. Cooley-Tukey ) . It is 
necessary to measure the interferogram values at equidistant support 
points. In order not to deteriorate the resolution given by equation 
1,2 in the useful spectral range with the upper and lower boundary 
vrave numbers . 20 ^ 1? the support points must be valid for the 

minimum number Nq (Sampling-Theorem): 



A deviation from the actual path differences from the support 
points used to evaluate the interferogram results in errors in the 
spectrum. Tlie feed monitor system provides an assignation between 
the interferogram values and the attendant optical path differences. 

It is thus of critical importance that the accuracy of measurement also 
determines the quality of the spectrum. 

The objective of this work was to develop a new feed monitor 
system which satisfies the requirements of low operating temperatures 
in order to use it for the cooled Mlchelson interferom.eter on GIRL. 

Its function consists in a highly accurate measurement of the distances 
to the svipport points . 

2. Principle Description of the Peed Monitor System 

In this section the accuracy of feed monitoring will be derived 
from the Fourier spectrum^ (Section 2.1). From this results the 
necessity fox’ an interferometer system to measure the optical path 
difference (determination of position of the cube corner). The con- 
ception of this system is described in detail in Section 2.2. 

2,1 Derivation of Measur’ement Accuracy of the Feed Monitor System 


Initially, the relationships between the location accuracy of 
support points and the quality of the Fourier spectra will be studied. 


In order t-o avoid confusion, the interferogram of thv> radiation deter- 
mined from the obserx'-ed objects is called tlie main interferogram below, 
and the spect- i*ura obtained from Fourier transformation is called the 
Fourier spectrum. 


If the? data on r.upport point pocltion I.; affected by eri'Oi'a, then 
upon t.rano format ion we obtain an artificial noloe In the r.pootrum. Pro- 
ceedlnr; from the case of a periodic error in the detennl nation of sup- 
port point position, the Influence of a correspondliif; random (statistic) 
error Is derived. 


The actual optical path difforonco x' whore the readout of the 
main interferometer occurs (readout position), differs f^onorally from 
the measured path differ’once x (support point) v;h’. cdi is acsifjned to 
the readout value P upon transformation of the interferof.ram S(x). 

The diffei’ence 4x: 

s,x ^ x' - . (2.1) 


is called the support point error. A sine shaped error of amplitude 
"a" and period length P is given by: 

ax - a r.r. a;- (2.2) 


and generates numerous ghost lines with wave numbers a ■ h’ 

in the Fourier spectrum in the vicinity of a genuine spectral line 
(wave number ”'p)* For small products of wave number and error am- /J_ 
plitudo, only the line pair with n = 1 is of importance. According 
to Saka (1970), Parsche (1973), it posesses the relative peak height — 
measured by the level of the actual spectral line: 


(2.3) 


and the spectral interval -Vp = _ Overall, the line spectrum 

consists of line tripletts and only the middle line is a real spectral 
line . 


A statistically distributed support point error can be attributed 
to the periodic case through Fourier analysis (Appendix 1). Numerous 
ghost lines appear in the Fourier spectrum. The relative peak fi— 
qradratically determined via the spectral elements* — can be determined 
from the standard deviation of support points a : 



(2.4) 


They result in errors in determination of intensities of real 
spectral lines. For an average peak height B they obtain a standard 
deviation of line intensities : 


Thus the Fourier spectrum is superimposed by noise which comes 
into being nearly through transformation of the interferogram with 
an erroneously measured support point. The S/N ratio accordingly is: 

( 2 . 6 ) 

For the Fourier spectra of the QIRL .interferometer, a S/N ratio 
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of 100 L; .K'f.lrod (dynamic rvinf'o). From equation 0.6 w« thun ob- 
tain the eorroapondinc ronulromont of raoaouro.m'-'nt accuracy when using 


the maximum wave numbr'i- ^n t,ho uooful i>n»H>tral ran/'e ( 


500 cm"^ 


•• 30 Mm) as . . . . This h' yi K'colution 

Id r^cncrally not achi^'.vf a by fee l monitor oyrm • ;:.c i :;rvd an m-’Chanloal 
principleo. Intorfer-.m- 'trie len.f.h -a.; '.a- r,atl.'fy thoco 

requlromontD , Thorefaro, uno of a j'ODit f >n in'-- r*’- r in pro- 

vided hore; this denlmn will be describod in tir- r\ ilov/lnr, section. 

2 . 2 Deocriptlon of the l^onl tion Intorforometi r 

The position inter i’o rome t o r consists primarily of tuc main inter- 
ferometer and several additional components : tne main beam path of 

the GIRL Interferometer is also used, a monocnrc!‘iat:lo emlnnion source 
and a radiation dotectoi' is also installed (now Fiy.uro 2). 

The primviry difficulties in the desisn of the position interfer- 
ometer are the extreme operating conditions on GIRL (helium tempera- 
ture and high vacuum). For the first time, a helium cooled semicon- 
ductor diode laser in the near IR range will be used as a monochro- 
matic x’eference emission source. The laser beam is converted into a 
parallel bundle by a suitable lens which utlllnes the primary beam 
path. This reference beam generates an Interferogram recorded by the 
auxiliary helium cooled detector. Simultaneously, readout of the pri- 
mary interferogram by the main detector takes place. Measurement of 
the optical path difference does not occur through counting off the 
intensity maxima or minima in the laser interferogram, but through 
accurate reading of the Intensity profile at the appropriate detector. 
Through evaluation of this position interferogram a complicated elec- 
tronic system is needed whose concigpt and mode of operation are des- 
cribed in Appendix 2. The variable term (cosine term) Sp of the inter- 
ferometer signal at the detector output is decisive herej for constant 
chronological change of optical path difference with the optical feed 
velocity v, this term has the form: 

(2.7) 


Here, Sq is the amplitude of the signal and the laser wave 
number used . • ■ ; .. n • . The signal frequency 

i ?■’ ” is So Hz at the intended values (v ^iOO /jm/seo), the 
periodicity is T= 1/f = 12.5 msec. Processing of the signal takes 
place digitally in time increments of t = T/128 (integration time) 
and voltage steps of u = 2.44 mV. At the extremal and zero points 
of the signal Sl the position electronic system gives off pulses 
which trigger the readout of the main interferogram. A readout pulse 
is generated at the first recognisable drop in the signal at a rela- 
tive extreme and for so-called zero passage of the signal (i.e. the 
signal exceeds or falls below the arithmetic average of the last max- 
imum and minimum value. Figure 3). The extremal and r.oro points thus 
mark the ideal equidistant support points for the Fourier transforma- 
tion. VJhen using all extremes and zero passages wo obtain a total 
of 4 L/Xj^ » 320 ,000 support points , i.e. greater by a factor of nine 
than necessary for the spectral resolution (9 fold over sampling: 
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Figure 2: Beam path of the GIRL interferometer. In addition, beam path (3 mm beam iiamc-ter) 

and specific components (laser 5 /<m, detector 5 /^m) of the feed monitor system are Illustrated. 


read out Dulse 



^ / 






Figure 3: Schoinatic illustration of the readout of the interferometer 

signal Sj. (t). Integration time r= 10“^ at T = 12.5 msec. : arith- 
metic average of the maximum and subsequent minimum value. 


see Equation 1.3)- In itself, a laser of longer wavelength could be 
used to obtain a sufficient number of support points (maximal = 

44 ^m), however its exact positioning can no longer be determined with 

the needed accuracy. 


Interference with the signal can change the readout position and /II 
generate additional relative extremes which lead to false pulses. 

Below, the deviation in pulse position from the position of the ideal 
support points — local resolution of position electronic system — 
caused by the positioning electronic system is studied. For an un- 
disturbed interferometer signal Sl the resolution is limited by the 
duration of integration time r . For a shift Ax compared to the ideal 
position we have: x 


( 2 . 8 ) 


The minimum voltage recognized by the position electronic system 
is u = 2.44 mV, If the signal is measured at the maximum, then the 
measured value offset by r is AS = Sq - Sl ( ) below the maximum 

value So# -quatlon 2.7 we obtain for an amplitude So 1.9 V a 

drop of r-.V, which is recognised. If the measurement (in 

the worst case) is performed to the right and left of the maximum 
Figure 3), then the signal change is 4S = 0 
does not react until the next time liicrernent 

acy in the position of the pulse of - 0.02 m at the extremal position. 
This results from a similar discussion of tVie zero 
ur ‘ 

we a 1 s I _ 

or t ? . ’ Air. (zero passages), which has no effect upon transformation 


(see 

and the electronic system 
, The result is an inaccur- 


j. c? u j- wj,u tj, i s-/ a, v/aa\-. 

ling the equivalent support point (extremal position or zero position) 
i also obtain an average constant shift of 1.1 y.:’ (extrema) 


VJhen 


of the Kiviln )nt,t;ri'oror,r"im and ;ls thus of no importance. If the am- 
plitude So drops bolov/ the minimum permlsf.iblo input voltase 
^min ** 1*9 V, then the recognition of the extrema is delayed even 
more . 

The noise superimposed on the signal results In fluctuations in 
discreet signal values. Corresponding to an integration time of 
T B lO-^'* aec, the effective noise bandv;ldth is ICr* Hs. The noise 
voltage N can be estimated from the requirement: . - . Thus, for 

the minimum permissible S/N ratio Sq/N in the Int erf erogram we have /12 
the following equtation for the minimum amplitude (3o = 1.9 V): 

yrt v-TT-g .. ■' (2.9) 

This value must be main! ained by the detection system in order to 
assure precise signal processing. By reducing the integration time t 
and a corresponding drop in the noise level (see equation 2.9), those 
support point errors can be reduced. 

The existing position electronic system was constructed by 
electricians at the institute. Tests under various bou.idary conditions 
are described in Section 4.4. 

3. Derivation of Hequirements of the Main Components of the Feed /13 

Monitoring System 

The requirements of the most important components of the feed 
monitoring system, namely the reference beam source (laser), the 
assigned detector and beam splitter are derived in the following 
sections . 

3.1 Requirements of the Semiconductor Diode Laser 

The important properties which the diode laser used as a reference 
radiation source must have, are spectral purity and wavelength constancy. 
These are treated in the following sections. The radiation power is 
Important primarily in connection Vfith the detector (see Section 3*2). 

From the mission requirements there result additional secondary con- 
ditions like the maintenance of a loss power of about 200 mW (with 
respect to the coolant consumption). These and similar requirements 
are checked experimentally in Section 4.1. 

3.1.1 The Spectral Intensity Distribution 

In this section we examine how deviations in the reference beam 
from monochromatic radiation affect the laser interferogram and how 
the position of the support points can be thereby affected. The width 
of the laser line and additional occurring secondary lines must be con- 
sidered. The spectral properties must be brought into harmony with the 
requirements presented in Section 2. 

a) Effects of Line VJidth 

The emission lines from diode lasers have Lorents-llke line profiles 
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beGauce of Uio line pi*:' 
meaoui'oU by Hetorodyn r. 
Gorreoponvll nf; spectral 
width I? € Is : 


panation praccoaos (Hompnfcead, bax 1QC>7) 
poctroscopy by Hinkley, I-Vood ' he InterP'rogT’amor a 

lino of average frequency t>j, and 3 db band- 


(3.1) 


and it has the form (Pawling 1970): 


/l^l 


(3. 


2) 


(Figure 4) , The amplitude of the Interforogram decroasos exponen- 
tially which can result in an inhibition of the evaluation of the 
extremal point through the poo it ion electronic system. In order to 
retain uniform accuracy of support points duidng tho measurement 
process s a reduction in amplitude from Uq = 5V to a value below 
? (see Sect ion 2.2) should be prevented, 
of the IR diode laser of « = 3.10”^'/cm a 
4.6 V is expected and this has no effect 


n 


m in ” 1.9 
line v/ldth 
plitude to 
resolution , 


For a typical 
retreat of the am- 
on the location 


The exponential behavior of the envelopes of I(x) leads to an 
additional affect on local resolution as a result oT the shift in 
extremal position. By Differentiation of equation 3*2 we obtain the 
condition for thv. ru>w extremal position x': 

V. r: s, (3.3) 

i 

Prom this results the constant shift dx of the extremal position 
compared to the values of the ideal case., „ , as: 


The soro positions cf the top Interferogram (Equation 3.2) are 
not shifted, however the aritlimotic average from maximum value and 
subsequent minimum value are different from zero. This also leads 
to a shift in soro passages of (Appendix 3): 

^ . ( 3 . 5 ) 

y: 

This shift in support points compared to the ideal positions 
foi' monochromatic radiation (equation 3.4, 3.5) is proportional to 
the lino width. For typical line widths the support point error is 
only a few 10“' /iin, so that those effects are of no practical sig- 
nificance. 

b) Effects of Secondary Lines 


/15 


Diode lasers generally emit 
the .'.ppearaiice of secondary line 
mary line is normal. Prom this 
laser interfei'Ogram vjhose effect 
differ. Initially, the case of 


radiation at several frequencies, 

0 in addition to the high pow-er pri- 
results severe differences in the 
on the support point por.lt ion may 
an additional line (wavelength Xj^, 




Figure 4: Graphic illustration of a laser line •• y' and its inter- 

ferograph I(x). Typical values sire < = 3.10“^* cra“-^, optical path 
difference x = 3-7 m. 



interferogram amplitude S]_) beside the primary line (wavelength 
amplitude Sq) will be considered by neglecting the line widths. The 
attendant Interferometer signal is obtained in a similar manner by 
superposition of the individual signals (x'. ::r 3 cos Fttv x 

and -O’ - sO.os^s Pvv,.x . as: 

P ‘x‘ - S^cos Giru-x + Sj^ocs Fuv^x . ( 3 . 6 ) 


Figure 5 is an illustration of the appropriate example. The 
zero positions and extrema of S are shifted compared to the ideal sup- 
port points of the unaffected signal Sl. Calculation of the shift 
for the zero positions (see Appendix 4) gives approximately the fol- 
lowing equation for small amplitude ratios Si/So with ^ ^ • : 



r 




r :"'tr av x . 


(3.7) 


We are dealing here with a periodic error of amplitude . . ::,i . /I6 


For more intense secondary lines, deviations from the sinusoidal form 
appear, whereby the location dependence is nov; vary complicated and 
for the amplitude we have (Appendix 4): 

1 .. - . ' (5.3) 
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Figure 5: Example for interferograph S of twin emission lines caused 

by superimposition of the individual interferograph Sl and S^: 

Sq = 1, ■ = 1500/cm, = 0.5), ( 'N - 1700/cm) (equation 3'6). 

The perpendicular lines mark the ideal positions of the zero points 
given by the undisturbed signal S. . 


To Investigate the shifts of the extremal positions and of the 
zero passages and to consider the effects of several lines, numeric 
calculations are used (Wllczek 1979). It turns out that the distance 
of the laser lines has a minor influence on the support point posi- 
tion. For typical line separations (ca. 2/cra, see Sect ion ^1 . 1 . 2 ) , 
this effect is hardly noticed. The numerically determined support 
point errors (deviations of extrema and zero passages) agree in the 
case of a secondary line with the analytically determined errors of 
zero points. The presence of several secondary lines leads to larger 
support point errors. The sinusoidal errors of each secondary line 
are superimposed on each other whereby — regardless of the number of 
lines- — an approximately linear relation exists between the maximum 
error and the total Intensity of the secondary lines. Figure 6 
shows the dependence of the error amplitude on the intensity ratio 
Si/So of the secondary and primary line using the example of one and 
three secondai’y lines for ^ = 2000/cm. The periodic support point 
error of a secondary lino generates line triplets in the Fourier 
spectrum during a Fourier transformation. For the relative level of 
ghost lines in the vincinity of the spectral lino of .the astronomic 
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Figure 6: Amplitude of the support point error as a function of the 

behavior of the intensity of a secon." ’ry line and the intensity 

of the primary line. Plotted curve: analytically determined relation 

for the 2ero points of a secondary line (equation 3,8). Points: numer- 
ically determined error amplitude of the sero transits. 

O for a secondary line 

d, for three secondary lines of the same intensity 


measurement (wave number Vp), fi-’om equations 2,3 and 3-8 we obtain 
the following equation for small intensity ratios Sq/So: 



(3.9) 


accompanying each 
^ the GIRL into 


in 


specbral line may not 
rforomotor in order 
For the case of a 
maximum permlss ible 


The pair of ghost lines 
exceed a relative peak of 10 

not to deteriorate the quality of the spectrum 
secondary lino from oquativmi 3.9 we obtain tjie 

intensity by substituting v)p *= ?00/cm and a/j, = 2000 'cm as 8'^ of 
the primary line intensity. * By s upe r impo s 1 1 i on 
error upon the occurrence of several secondary 
linear relationship exists between the lntens;> 
in the Fourier spectrum and the* tv'tal intonsit 


of the support point 
1 ; n e s , an an p r o x i mat- e 
y of the ghost XinoG 
:. f r .’*u ' 
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in tiu> laser spt'ctr'UKt. 
we also have a fmetion 
lov.'G Prorr. t-ho porrair.oiblo 

f 


Thus, an an upper litnit of t. 


O.OC vjhlcJi res 


, T 4^- r. 

\ -L i.» 


f 8?. This requirement eon 
maximum vmIuo of the cuppo 
'rom the limitation of the 


peak (e^iuation P.3). The support point error occurr 
proportional to the laser wavelencth (equation 3.9). 
the Intensities of the mhost linos can bo reduce ;i b.v 
Vt whereby loos irlqid requirements result far tiie 
secondary lines. 


ot.al intensity 
soqu«>ntly fol- 
rt 1*0 int c?rror 
p.hos.t lino 
In*'; here is 
Therefore , 

sPnorteninc 

level of the 


V’ith re:>ard to the limitations of signal amplitudes caused by 


position electronic system (1.9 V S 5^0 > the periodic fluctu- 

ation In the interferorram amplitude Is important (Plp.ure 5). A 
cecondax*y line with the maximum permissible Irs onsity (8^) leads 
to an amplitude fluctuation of between BTf and lOOf of the maximum 
amplitude So+Si, the same is true for several secondary lines. Thus, 
for optical al isnmont of the siruial to the input of the position 
electronic system, the amplitude values thus lie between 5V and 
^t.2V. Under consideration of the reduction caused by line width, 
the minimum amplitude is about 3.8V, which clearly lies above the 
lov;er limit of 1.9V. The required intensity relationships in the 
laser spectrum consequently do not result In additional reduction In 
suppoi’t point accuracy as a result of the behavior of the signal am- 
plitude, so that tho named requirements for the exlstance of a use- 
ful laser interferogram are guaranteed. 


3.1.2 Constancy of Wavelengths 
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In the determination of the separation of the ideal support 
points, the wavelengths of the reference beam are Important. Fluc- 
tuations in the wavelengths during recording of the main interfero- 
gram invalidate the feed monitoring system. For diode lasers, 
changes in wavelength come into being primarily through fluctuations 
in the bath temperature. With changing wavelengths X^, the optical 
path difference differs from the ideal value x^^ for the same number 
of transitive suppoi-t points (n). If we consider the slow drift in 
wavelength Xj^ proportional with time, then this can be described as 
a function of the optical path difference x for constant feed velocity: 


( 3 . 10 ) 


(c = const.). Prom the positions of the new support points Xj., » : 

x^’ IliViJilllj. (3.11) 

there follows, by application of equation 3.10, the changed maximum 
optic path difference L' with n = total number of support points 
N (N = 320000, see Section 2.2) as: 

( 3 . 12 ) 




With the requirement '^hat those actual transited path differences 
differ from the ideal value I. only by one-tenth of tho r.upport point 
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separation ( Xo/^Hi); - * •; jur: 

there results the maximum permissible shift in wavclvancth: 


; . (3.13) 

With the named values, the rcqu;lx--o merit of vaavoient^th fluctuation 
during observation is thus . . T’-r' a lino shift of a 

diode laser by 0 . 2/cm/ degree (see Section m.i. B), a stabilisation of 
the bath temperature at 3' 10“-^ K is thus necessar.v. 

3 . 2 Requirements of the IR Detector /20 


The important parameters of a IR detector are spectral sensitivity 
range, detectivity and time Constance. The sensitivity range is ad- 
justed here to the wavelength of the reference radiation (ca. 5 jam). 

The requirements of time Constance (speed) of the used detectors 
are determined by the pei’missible phase shift between incident ra- 
diation signal and detector output signal. The requirements of 
detectivity are specified by the S/N ratio which .is needed to de- 
termine the readout points. These relationships are discussed belovj. 

3.2.1 Detectivity 

In section 2.2 we were able to determine that to achieve a read- 
out accuracy of Ax - rz (or 2vx ) at the support points, the S/N 
ratio must be > 800 (see Section ij.4). The sise of interferometer 
signal is determined by the piower output P In the reference beam, 
the optical properties of the beam splitter and the other optical 
components as well as by the response capability R (responslvlty ) 
of the detector. The responslvlty is defined as the quotient of 
the electrical signal S at the detector output and the Incident radi- 
ation signal P which generates the output signal; 

S 

R = P 

Under the assumption of complete reflection at the mirrors of 
the Interferometer and a loss-free Imaging of the interferometer beam 
on the detector, for the amplitude Sq of the interferometer signal 
(Sq = S/2) we have: 

f. , (3.1^) 

The factoi’s Rq and tg denote reflection and transmission of the 
beam splitter, the so-called effectiveness ^IrQtg is generally <0.8 
for the beam splitter foils used. This signal contains noise compo- 
nents generated by the photon noise of the background radiation and 
by internal detector effects (Hudson, Hudson 197?). If the total /21 

observed noise voltage Is N at a measured bandwidt'n zl f , then the 
noise voltage standarized to a 1 Hz bandwidth is calculated as: 


(3.15) 


Th«. lUlVv'ilont power (NFU’) 3s dofinod 

radiation i which gonorates an output si|r/ial 

tive '/alue or Mm detector noise voatage n at a 
and jneasurf'*d bandwidth of 1 Hs: 


as til at Incident 
equal to the effec 
j 3 1 V c‘ n I’ tn; p o n s 1 v 1 1 y 


( 3 . 16 ) 


For a flivon signal to noise ratio 3 q/U and pr<.' determined radi- 
ation power P we can calculate the NEP needed for the experiment 
from equations 3.1 '( to 3.16. 

;• ( 3 . 17 ) 

According to the definition, the detectivity D is the inverse 
value of the NEP. (The most often given characteristic quantity 
D* is the quantity D standarized to the unit surface of the detector 
element.) For an anticipated emission power in the reference beam 
of 10 /iV; and a beam splitter efficiency of 0.8, a S/N ratio of 
800 can be achieved for an amplitiflcation bandwidth of 10,000 Hz 
by a detector whorTe NEP is 5* 10“^^ maximum. Signal losses 

and non-optimum tuning of beam splitter efficiency require a approx- 
imate 5 to 10 fold greater minimum detectivity in practical cases. 
Thus, for the Interferometer a high sensitivity defector is needed 
v;hose output signal is tuned by an amplifier to the amplitude re- 
quirements of the input of the position electronic system. The con- 
tribution of the amplifier to the total noise voltage must not 
notably reduce the required input S/N ratio of > 800. 


3.2.2 Time Constance 
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The time Constance of the detector significantly determines how 
accurately the voltage profile at the output will reproduce the actual 
intensity profile at the detector element • This quantity is 

called the response time. It is the time difference between the 
switch-off time of an incident radiation signal and the drop in 
voltage signal S to S'exp(-l). The response time of the positioning 
electronic system (integration time) is . . por the 

known values _ " 7 ~ “^7 a" ae" -^e obtain Tp = lo ^s. As 

a chronological’ resolution of the curve at the detector, a value 
smaller by a factor of 10 than the resolution time of the position 
electronic system is desireable. The desired response time of the 


detector Tq is thus 10 .-.see and causes a constant shift between 
beam and voltage signal of ax ™ - Z.CCA ^r:;.. This constant 

phase shift of the curve or of the readout: puinss causes a change in 
the transformed spectrum. The curve profile should be resolved by 
the detector with this accuracy so that the support point errors 
are caused only by the position electronic system, IH detectors with 
response times of less than 10 .sec are therefore suitable for the 
feed monltcring system. 


3 ♦ 3 Requirements of the Beam Splitter 
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For 


M1 chelson Interferometer presently under construction. 
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thin mylar folia (I’ET fail) are provided for ugo vis beam oplltters. 
Because of their low abac^rption loases in the far infrared, they are 
quite suitable ami furthoi'moi’e, th(\v Cvin be used even with the laser 
reference wavelonr.^di. Very little Information !s avviilible about 
their low temperature behavior, ‘"he relations summirir.od below will 
permit optimisation of the beam stillttor. 


[■ho beam splitter 


A 


the Mieholson Interfrromotoi’ split 


.he 


incident beam bundle (amplitude Aj_) into a rc* fleeted (amplitude Ar) 
and a transmitted (amplitude At) bundle. If wo nofilcet the absorption, 
at the detector (after a transmission and reflection) we obtain a 
bundle of amplitude E for constructed interferenee : 


E = 2 


A A. 
r t 


The effectiveness of the beam splitter is defined as the fraction 
of incident intensity v/hich reaches^ the detector, thu§ we obtain the 
following equation with Tq = (AjvAj_)‘* and t© = (A^/ 

EV _ t r. - (3.18) 


The maximum value e = 1 is obtained for r^ = t q 0.5* V/ith 
dielectric beam splitter foils, numerous parallel transmitted and 
reflected wave trains originate through multiple partial reflection 
of the beam spreading out in the foils ; tiiese wave trains interfere 
with each other (Figure 7). Below, we derive Tq and to as a function 
of phase diffex-ence of neighboring beams and under consideration of 
absorption in the medium. The i^eflection coefficients rp and rs for 
a reflection of parallel or perpendicular polarized radiation at a 
surface of the dielectric satisfy the Fresnel equations (Born, Wolf 
1959): 



where the angle of incidence is designated as 9, the refractive angle 
as 0]_. The corresponding transmission coefficients tp and tg supple- 
ment rp or rg to form one. For unpolarlzed radiation the reflection 
coefficient r and transmission coefficient t are: 


.L 

*;3 


4* T I 

D S 


1 


D 


The phase difference of neighboring beams is (see Figure 7): 

= iiTT^n-d'Crs 01. (3.19) 


/2H 


By absorption in the beam splitter the intensity of the beam is 
reduced for one transit v>f the foil by the fraction "a" of the initial 
intensity. 


.f V ^ 



t > V - 
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Pi,'3ure 7: Illustration of the split of an incident beam (Incident 

anr^lG 9) at the surface of the beam splitter (refractive index n, 
refractive angle 9^, thickness d). R: fraction of the pov/er reflected 

vat a surface, at^: fraction of transmitted power for double surface 
transmission and absorption losses. 



2 3 4 d(fjm) 5 5 


Figure 8: Dependence of effectiveness on foil thickness while keeping 

the wavelength constant ' 'A = *3 jum'' with and without absorption 
(typical absorption coefficient st C .(‘C 5 /ju.t.' 



Here, i3 the length absorption coefficient. 

By summation over the intc^rfei^inf; beams the eoe^fi cionto of the 
total reflection r© and total transmission to can bo t'htained (Naylor 
et al. 1577). 


K> 


( 3 . 20 ) 


Thus, from equation 3.18 wo obtain the I'ollnwing expression of 
the efficiency of the beam splitter: 


for negligible absorption (a = 1) 
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( 3 . 21 ) 


By meanq of the given formulas the characteristics of the beam 
splitter are now determined. The material constants of mylar are 
now : 


Refractive index: r: l.o:, at s/- ^.rv. (Du Pont) 

= I for •. > 2C jxr. 

(Smith, Loewenstein 1975) 

Absorption coefficient: C .CO". 'p.-"'' A - ^ u,r 

(Du Poht) 

For specified wavelengths Figure 8 shows the influence of absorp- 
tion: the efficiency drops Increasingly with increasing foil thickness 
compared to the values without absorption, the periodicity of the curve 
profile e(d) is retained however. 


The decisive modulation of the efficiency comes into being through 
the term cos 6 (periodicity). The wavelengths for radiation on opti- 
mum foil densities (maximum efficiency) are obtained from cos 3 = -1 726 

as (see Equation 3.19)^ 



( 3 . 22 ) 


The best spectral ranges for mylar foils of various thickness 
can be seen in Figure 9. For the GIRL Mlchelson Interferometer sever- 
al foils v;lth different v;indows in the far infrared range can be 
used. For instance, a mylar beam splitter 6 'm thick is suitable 
for a reference wavelength of 5 >:m and an astronotric useful spectral 

range of about 25 - 75 '..m. 
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Figure 9: Relation between foil thickness and wavelength for maximum 

effectiveness e (solid lines) and at 0.66 e.„„„ (dashed lines), 
max max 

Values of refractive index used:X < )U.m; n == 1.65; X > 20 xi'r; 

n = 1.71. The horizontal bars Illustrate the best spectral range of 
a foil of 6 m thickness. The effectiveness is not constant on the 
straight lines since the absorption increases with increasing thick- 
ness and also depends on the wavelength. 
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Figure 10 : Relation betv/een the effectiveness and wavelength using 

the example of the 6 m-foil without regard to absorption. Upper curve: 
light polarized perpendicular to the incident plane; lower curve : non- 
polarised light. 
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t . 1 The Semiconductor Diode Laser 
t . 1 . 1 F*r:lnclple of the Diode Laser 


ORIGINAL Pmt B 


A semiconductor diode laser is a radiation emitting semiconductor 
diode ’Which is a Pabry-Perot-Resonator (Figure 11). Pumping the laser 
takes place through injection of electrons and deficit electrons in 
the recombination region at the p-n-transi tlon . Through application 
of an external vo^ ..'.ge in the transit direction of the diode, electrons 
and deficit electrons are Injected into the conductance band or valence 
band of this active zone (Figure 12), where they recombine under the 
omission of a light quantum (.photon). The resonator axis runs parallel /29 
to the space charging zone since the absorption losses are smallest 
there. Diode lasers posess a continuum of population inverted states 
which leads to simultaneous amplification of several resonator modes. 

In general, the laser therefore emits a line spectrum; the line widths 
are determined by effects of spontaneous emission and environmental 
Influences. The population of high energy levels upon Increasing the 
supply voltage leads to a shift in intensity to resonator modes of 
shorter wavelength (mode hopping) , the temperature increase through 
the Joule peak connected v/ith diode current causes a change in the re- 
fractive index and thus a spectral shift of modes (continuously tunable). 
Constant laser temperatures and currents are therefore the prerequisites 
for constant emission characteristics. In diode lasers, besides the 
axis parallel modes, standing waves are also amplified with non-axis 
parallel propagation direction. Therefore, the emission of several 
beam bundles is normal, whose divergence is determined by diffraction 
effects upon exit from the very snail emitting surface. This results 
in large openings of the laser beam bundle (typical opening angle 30 
degrees ) . The power output of the different diode lasers lies roughly 
in the range between microwatt and milliwatt and can be varied along 
this range by the diode current. Detailed discussions of semiconductor 
lasers and of the other semiconductors are found ft Instance in 
Nathan 1966, Rieck 1968 or Kressel 1971. 


Measurements were performed on three laser diodes. Among them were 
tvio lead salt diodes (AEG-Telef unken, Frankfurt, Company, Material 
PbSi_ySe.y. x=‘0.^l. Nr. DH 399 8/1-A; Laser Analytics, Company Inc., 
Bedford, ■'^USA, Mod. SDL 20, Nr. 8362-1), whose specifications given by 
the manufacturer indicated their use as reference emiDolon sources. 

We are dealing with laser diodes with a wavelength near 5 fi m which 


resonator* axla 



jjplit end surface 


Figure 11: Schematic illustration of the I'i.-cr diodo. The resonator ' 

axis lies in the p-n-transistion, the resonator cavity is bounded by 
two crystal surfaces formed by splitting at parallel grid planes. 



position •••• position 


Figure 12: Band model sketch of a laser diode (a) without external 

potential, (b) with applied supply voltage U. E : band edge separa- 

S 

tlon between conduction and valence band. P : quasl-fermi poten- 

n , p 

tlals of the n- and p-zone. Populated levels are shown by slash marks. 


can only bo at; tomporatur 

GaAlAs-Dlodo vuv. iitucK ; It omlbit 
(AEG-Telefunkon, nirr;, ::r-. UV 1 8 !’I 
for operation at i*oorr. tersporaturo 
atureo. All otudicn v;oro por-fome 
ture of boiling nitrogen (77 K) oi- 


00 below 30 K. 
at a v/avolonrt 
7J K 7). It I 
but oan aloo bo 
d in a vapor rr 
helium (4 i'). 


In addition, a 
h of about 1 /^m 
;; normally dooigned 
Vir.od at low temper- 
..•entat at a tompera- 


In the following sections the laser mean urem 
these are needed to determine their utility an re 
source in the feed m .'iltoring system. The oporat 
place with a direct current unit designed spool f.i 
(Laser control unit. Fa. Arthur D. Little, Cambriclgo, U8A). The diode 
current is kept constant by this unit to an accuracy of 10“^^ 
v/hereby a current stabilised laser operation is guaranteed. 


'lits are described j 
■e.’-'c . e omission 
on of diodes takes 
e’lliy for this 
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4.1.2 Study of the Spectral Intensity Distribution 


The spectral intensity distribution v;as decisive for the use of 
the diode laser in the feed monitoring system. The corresponding 
requirement has been derived in Section 3.1 •!. By recording of spectra 
the laser emission is studied. The objective of the measurements was 
to find a v/orking point (diode current) of the laser diode so that 
the total intensity of the secondary lines amounts to no more than 
8% of the intensity of the main line. To study the spectral inten- 
sity distribution, a Monochromator (Mod. 2lS, McPherson Instrument 
Corp . , Acton, USA) was used. This instrument achieves a spectral 
resolution of 0.8/cm at a wavelength of 1 ,um with appropriate grid 
(1200 llnes/mm); at 5 /<m with appropriate grid (75 llnes/mm), the 

resolution is 0.4/cm. Therefore, with this unit we cannot check 
whether the line widtls of the laser are less than 3‘10~^/cm and 
consequently, the modulation of the interferogram is influenced only 
to the minor extent desired (see Section S.l.lj Equation 3.2), The 
test setup of this experiment is shown by Figure 13; the schematic 
setup with beam path is seen in Figure 14 . As a result of the inlet 
crevice of the monochromator and afeer splitting into several orders 
(5 for visible light), only an extremely small fraction of the beam 
power of the divergent bundle reaches the outlet crevice. These in- 
tensities are too weak to generate a useful S/N ratio with existing 
IR detectors (see Chapter 4.2). Therefore it is necessary to focus 
the beam bundle onto the inlet crevice, whereby the divergence of the 
bundle in the monochromator must be kept small. Antireflection coated 
Germanium lens are used for this. Thus, the power output at the detector 
can be increased over the system v^ithout colllmation by about two 
orders of magnitude. Through the use of a lock-in amplifier (Mod. /31 

Dynatrac 3, Fa. Ithaco, Ithaca, USA), it is possible to record useful 
spectra at laser power outputs of a few u.W, in spite of the still 
considerable interference noise, behind the outlet crevice, the 
radiation is recorded by the Golay detector (model IRSOj Cathodeon 
Company) or by a photcvotaic InSb detector made by Barnes Company. 

A short description of these detectors is found in Section ^.2. 

The voltage signal delivered by the detector come-s into being through 
the periodic alternation between laser emission and inherent emission 
of the choppei’ — whereas the laser beam is covered. This alternating /32 
current signal is amplified by a preamp which is adapted to the 
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Figure 13: Test setup for spectral study of the laser beam 
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Figure 14 : Sketch of the test setup with beam path 
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Figure 15: Block diagram to record tfcie laser spectra 


particular detector, and by the lock-in analyser. The d.c. signal 
at the output of the lock-in amplifier is recorded by a printer. 

Figure 15 shows the block diagram of the test. Numerous laser 
spectra were taken; the change in spectral characteristics wa^ tracked 
after systematic variation of the diode current. The Important proper 
ties of the spectra for different diode currents (among them also the 
working point) are summarised in the table given below. 

The Cv*'rr('spondlng spectra are shov/n In Figures 15, 17 and 18. 

The typical mode separation of the lead salt diodes is f/cm. A 
suitable working point could only be found for the lead salt diodes. 
Howe\'or, the npect.i’al of the Gallium diode always exhibits several 
modes. This laser- — suitable for use at room tcMuperar ui>e--eeuld also 
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Figure l6 : Spectra of the CaAlAs-Laser at 77 K and a diode current of 

80 mA (a) or 150 mA (b) 
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Figure 17: Spectra of the 5.2- /im-lead salt laser at M K nt the work- 

ing, po.int (9S0 ;uA) (a) and at 1.3 A (b) 


Ir'AGE IS 
OF POOR QUAIiTt 


26 



ItiBor at A K and diode currents 

of 1 I I mA (ajb)j Coo niA (c), 1.132 A - worklnr 'ooint; (d) A - 

later working point (e) ' ‘ 
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V/oi’klng No. of fraction of 

Tonperatvirr Diode Current secondary 


Intensity Wavelength at 


i-.'orklng point 

'■ urr 


i ± C.OOl 


4.3056 + 0.0005 


I 4.40361 0.0005 


New^worlrtnc point after ohanglns test setup near 


be operated at 77 K. Attempts to test the laser at a bath temperature 
of K (GIRL conditions) failed. With decreasing operating temperature 
the Ohm resistance of the diode increased quickly (to more than 20 k ) 
so that at helium temperature, the threshhold for laser activity could 
not be exceeded with the permissible bias. The spectra have several 
modes of comparable intensity with a typical, schmetric envelope 
(Figur'e I 6 ). With increasing diode current the number of excited 
modes Increases. For these reasons, the laser is unsuitable for the 
Intended feed monitoring system. A useful ratio of line intensities 
of main and secondary lines is found for the two 5 m diodes. The 
working point of the 5.2 ;;,m laser lies near the threshhold for laser 

activity at ca. 0.9 A, for higher cux’rents other modes can be added 
(Figure 17). These spectra posess an irregular structure. The work- 
ing point of the ^.4 ^tm diode lies in the middle of the range of 
laser activity, namely, between 1.128 A and 1.135 A, at higher and 
lov/er currents spectra with stronger secondary lines are obtained. 

Near 4he threshhold for laser activity (diode current ca. 90 mA) 

^the spectra cannot be reproduced after intermediate heating of the 
laser to room temperature and subsequent recooling (Figure l8a, b). 
Necessary changes in the test setup resulted in a shift in the working 
point to" 0.959 A (Figure l8e). The working points of the diodes were 
also slightiy affected by the temperature cycles. Those effects are 
stressed in the following section. 


^1.1.3 Study of t.ho ^■^ab.^Jty of the VJork,in,»^ Po:l.nt 


Iv.-.^ardinf' thin nulijoot, suffioient data are on 
the 'n laser, since the 5.2 m diode could no 

before conclucion of t.ho ;noasuremerits . An a rc.nult 
auvi hcatino; procesnes (to.mjieraturo cycion 
crystal loosened and It could no lonfrer bo rf'rairr-.i 


ly available for 
!on,'';('r be operated 
of tho frequent 
a contact at the 
by tiie manufacturer. 


VAlth repeated rocordlnf^ of tho opcctra of the 'I . *'1 ‘.m diode, the 

worklnp; point was tracked durinj^ operation and over' several temper- 
ature cycles (Figure 19)* The measurement points wore taken after 
cooling in liquid hellumj between the measurements the laser was 
brought to room temnerature. With tho exception of the shifts due /37 

to changer, in test setup near the diode (influencing the heat con- 
tact), the iijorklng point behaves generally stationary. The shifts 
in the diode current after a temnerature cycle are less than 10 mA, 
that of tho wavelength is less than 2 nm. While the diode was at 
operating temperature, maintained by the cold bath, no changes were 
measured. ^Fluctuations in wavelength could thus be estimated at 
maximum 5 A . The favorable boundary conditions on GIRL permit a 
stable operation of the laser, so that maintenance of required wave- 
length conslstancy (Section 3.1.2) can be expected. After imple- 
mentation of the changes, the working point had to t)e redetermined. 


Figure 19: Diode current I and wavelength at the working point 

over several temperature cycles. 

External Intervention 



Moaijuromont of Spatial Intensity Distribution 


Diode lasers, in contrast to standard lasers, posess a divergent 
beam bundle wtilch comes into being through transversal modes (Paoli 
et al. 1969 ) and by diffr*actlon oxiianslon at the very small emitting 
surfaces. In the position interferomotor, a pax^allel laser beam bun- 
dle is needed as a reference j its dlarm-'ter is limited to about 3 nun, 
thus the cross-section of the main beam bundle cannot be reduced 
very much. For collimatlon of the beam bundle, an optic lens Is 
needed and the opening angle of the beam cone of rays must be deter- 
mined in order to design this lens. For this purpose, an isophoton 
map of the intensities was prepared in the divergent bundle by means 
of a raster scanning method. As detector, we used a Golay cell with 
preset perforated apperture (diameter; 2 mm). As a separation for 
the raster points, 2 mm was selected. At a distance of the apper- 
ture from the laser of betweeii 7 and 11 cm — corresponding to an 
angular resolution of 1.0 degrees to 1.6 degrees — -the majority of 
the bundle was detected at the maximum extent of the raster of 
30 mm. Only the intensity attenuation at edge zones Is ignored in 
this measurement. Under the given geometric conditions, projection 
effects due to oblique incidence onto the perforated apperture can 
be neglected. To separate the laser from the background signal, the 
laser beam is Internally modulated by feed of a rectangular current. 
Thus, the diode temperature is subject to fluctuations so that minor 
deviations of radiation characteristics compared to stable current 
operation are found. Figure 20 shows the chronological intensity 
profile of the laser radiation at the working point. At a modula- 
tion frequency of 13 Hz, definite deviations from the constant in- 
tensity profile upon switch-on of the current are seen. It was also 
attempted to modulate the radiation by means of a chopper wheel, 
however its inherent emission was too intense to permit the measure- 
ment. The detector signal is measured by a lock-in amplifier whereby 
the modulated supply voltage serves as a reference signal. The block 
diagram of the test is shown in Figure 21, The Isophoton maps are 
illustrated in Figure 22. The beam bimdles near the threshhold for 
laser activity exhibit an intensity distribution declining constantly 
outward (Figure 22b, c). At greater currents, the 4.^ um laser has 
a definite transversal mode structure (Figure 22a). The characteri- 
zation of the divergents required determination of the whole opening 
angle at half maximum intensity. It is 15° at the working point 
(I.I 32 A) of the 4.4-p.v:; diode; at lower currents (120 mA), it is 
likewise 15°, because of the general insensitivity to operating con- 
ditions, this opening angle can also be anticipated for continuous 
operation of the laser, likewise at the new working point (0.959 A), 
which resulted from the changes in the test setup needed to collimate 
the bundle, whereafter the spatial intensity distribution could no 
longer be measured. The fraction of power output In the cone of 
opening angle of 15° was estimated at 50^ of the total power output. 
Collimatlon of the divergent bundle with a suitable optic lens is 
described in Section 5-1- 

4 . 1.5 Measurement of the Emission Power Output 


The emission power output of the laser diode at the working point 


Figure 20 
modulated 





i 

\ 


Laser signal plotted against time (top)- for rectangular 
diode current (bottom) 




y 

Supply j 


A 


i 


Detect-| 


. or „ 



’ Preamp ! 




"* I 


,'Ieasured. Signa.].^ 
i Hoferencer 
1 ! 

:Lock-1.n AmnTi 


1 

psoillo^ cone 


Figure 21: Block diagram to measure the spatial intensity distribution 


Figure 22: Spatial intensity distribution in the beam bundle of the 

^.^1- /m. diode at the working point 1.132 A (a) and at 120 mA (b) as 
well as of the 5.2- >un diode at working point 0.92 A (c). The rela- 
tive radiation power is given by isophotes at fractions of the maximum 
value of 0.95j 0.8, 0.65} 0.5 and 0.35. The zero point of the angle 
scale is placed arbitrarily at the intensity maximum. The size of the 
2 mm perforated lens, and thus the spatial resolution is Illustrated by 
a circle. 
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Sketcii of the teat 


setup to measure laser power 


is of critical Inportanco since it determinos the ^’er.olut'ion of the 
feed monitoring system for a given ciotector, .'Ui accurate rnoaouroment 
of the omission power output Is very difficult to perform because of 
the bundle divergence and tlie severe background emission in the IR 
range. The avaliable IR detectors posess sensitive surfaces of a 
few square millimeters. Therefore, the laser beam is imaged onto the 
detector by a Germanium lens (anti-reflccts coated^ focal length 
f = 38 mm). Transmission of the lens was determined as 0 . 83 at a 
wavelength of ^1.^1 ;m and 0.96 at a wavelength of 5.2 ■ m by using 

a grid spectromotox’ (Porkin-Elmer ) , which is calibrated for plane 
samples, i.e. the given values represent lower limits. Since the 
laser power output at higher diode currents considerably exceeds the 
measurement range of the Golay detector used, an attenuation fllter 
of black PE of 2.01? transmission was placed in front of the detector. 
The sketch of the test setup is shown in Figure 23* The emission 
power output P follows fi’om the detector output signal S, the respon- 
siveness of the detector R and the transmission of the optic compo- 
nents t as : 



Several important measured values of the diodes are given in the 
following table. 


Diode current near Esiode current at the 

the threshhold of midpoint of laser 

laser activity activity 

'^lode current power cvv»'’>’<^nt Dcv.'‘''r 


Measured veltjpR at 


vrir-k-In".” nnlnt ,'^-pp un i- 


Fi;^^uro 2*1: 1'ad.i at Ion t-':: vv'cr of 

diode in arl-itrar;’ unlta above 
current 


t:.he 

t.’tC* 


diode 


I 



These values have been concocted so that t.hey include that /'-!3 

fraction of the beam bundle v/hich cannont be imaj-ijOd on the detector 
by the lens. However, tho meaouroment errors due to inaccuracies in 
modulation of radiation v/ere determined. A mechanical chopper in- 
validates the result considerably, due to its Inherent radiation. 

On the other hand, a modulation through changing the diode current 
leads to instable operating conditions (see page 38 , Figure 20), 
whereby larger measurement errors are also anticipated. The given 
values were determined by rectangular modulated current and agree 
within the error limits, ’with the values measured by using a mechan- 
ical chopper. The measurement is accurate to a factor of about two. 

The power output of about >uv measured at the working point of the 
-H.M-pi':'. diode represents a good starting point for a high resolution 
feed modulation. 


Prom the measured spatial intensity distribution, the laser povier 
output can also be estimated. Because of the modulation of the emis- 
sion by the diode current, this measurement exhibits approximately the 
same ei’ror as the measurement described above. The raster measured 
values define, analagous to equation ^,1, local emission power outputs 
P( '4''', , from which we obtain a lower limit of total power output 
by using the following equation: 

T, ... . I F (^.2) 

jc, p, 

( space angle of the raster element, space angle to the 

detector apperture, always with respect to the location of the laser) 


This is true because there are no measured values available for 
the edge zones of the divergent bundle. The result of • *' agrees 
with the above value within the limits of acceptable error. 


Through constant time changes of the diode current, the quali- 
tative dependence of emission power output on the diedo current was 
measured. It turns out that for all laser’s an increase in power output 
occurs upon Increasing the current, however, the relation betvreen the 
two quantities is not always linear. This is illustrated hy the exam- 


ple of the . ' 
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Pisure 25: Sketch of the test setup v.'ith poc‘,*l’':’n of the polar 1 nation 

plane for vertical oriented p-n-tranclctlon 


4.1.6 Ileasuremont of Polarisation of the Laser Beam 


Polarisation of the referenced beam is important in connection 
with the efficiency of the beam splitter (Section 3«3)» For radia- 
tion polarized perpendicular to the incident plane, the beam splitter 
achieves its maximum effectiveness. To measure the polarisation, a 
grid polariser is Installed in the beam path of colllmiterod beam 
bundle as an analyser and the transmitted intensity is measured as a 
function of the analyser direction (Figure 25). At the working point 
of the 4.4 ^^.m diode (0.959 A) a polarisation degree of about 60^ was 

found. The polarisation plane is inclined 30° (measured counter- 
clockwise) to the plane of the p-n-transitlon. 

4.1.7 Measurement of Power Loss 

For use in the helium cooled Michelson interferometer on GIRL, 
a power loss of less than 200 mW is permissible. Therefore, the 
vaporization rate of helium was measured in laboratory cryostats 
with the laser both on and off (4.4 , m diode) and the power loss 

was determined from this. The vaporising helium gas was diverted 
through the bellows gas counter where it had a temperature of 25° C. 
After about 15 minutes the volume of vaporized gas with laser shutoff 
was 175 i 2 1, with operation of the diode at the working point (0.959A) 
the volume was 320 - 2 1, and after switching off the diode current, 
the volume was l80 ± 2 1 in a control measurement. The vaporisation 
rate caused by operation of the laser is thus Vi = 0.158 - 0.007 1/sec 
at a temperature Ti = 25° C and air press ui”e pn = 960 mbar. If we 
convert this quantity to normal conditions (To"^= 2^3 K, Pq = 1013 mbar), 
then the vaporisation rate becomes Vo “ 137 - 6 crri'^/soc. 


Using the convex'sion factor between volume of gaseous 
273 K and the volume of liquid helium of the same .:-.ass at; 
point (4.2K) Vp/Vf = ti'b, the density of liquid helium at 
point = 0. i.?48 g/o’cP and the heat of vaporisation L = 
the power loss of the laser results as 0.51 - 0.02 k’ from 


helium at 
the boiling 
the boiling 


20.91 J/g, 
t.he follo’wlng 
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Pir^ure 26; V/ave number of the laser line at the v/orklng point 0.959 A 
for se\'oral bath temperatures 


equation : 


rv. - 


A'- 




■r 


(^.3) 


Since the voltage drop at the crystal cannot be measured during 
operation, the power loss from the voltage drop at the power feeds 
was estimated outside of the cryostat as a check on the above value. 

Because of the contributions uue to resistances and numerous contacts, 
a value determined in this manner represents an upper limit. Prom 
the voltage drop of 0.75 V measured at the working point, a value of 
0.72 V/ is calculated. 

Because of the high power loss the tested 4.4-ar. diode is not 
suitable for use on GIRL. Because of the good spectral properties 
and sufficient emission power, this laser can be used for the laboratory 
tests of the feed monitoring system. Conversations with the manu- 
facturer had shown that laser diodes with the desired characteristics 
are also available for losses of 200 mW, but a suitable selection /^6 
process among the large number of diodes is needed. This work is 
currently underway. 

4.1.8 Determination of the Ther’mal Wavelength Shift 

By reducing the vapor pressure above the vaporizing helium, the 
bath temperature was reduced in steps to 3. OK and the spectrum of 
the '.aser at the working point was taken. The wave number determined 
in this manner as a function of bath temperature is shown in Figure 26 
as it was determined from the changing pressure values. Prom this 
results an average shift in the laser line of about 0.2/cm/K. 

4.2 The IR Detector 
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A cJc'tallua dU’.cur.i-. Ion v' f •> ho 1 ypon .'iml ohaf:'a'.'t.cT*int.l c:o of liotect.ors 
for IR radiation lu founi In Huar-on, Piivloon (T'?7^5). An a moaouro- 
mcnt of foot, tho thormally Imluord i-lianr.o In matf-rial proportion is 
used for n eortain group of detoctors (o.g, . ta-ra:-- ratur'' Indi‘porKi'.’neo 


50 for the Pol'r: cp fi' ot* of i out'o for on- 
in the so-calli >1 duiay d>. t ■'otui^) . AnoUi''T 
lets (e.g. sonerat I >n of charge eanrlorn In 


of electrical resistance for tho Boi'-'rnetoi* or of p sure {or en- 
closed gas viuantlties in the so-calli >1 duiay d>. t ectui^) . Another 
group usoi". quajituni effects (e.g. gonerat I ni c?f cha.rge car’r.iors In 
semiconductors). Those effects cause an elect rloally detectable 
signal S to be formed from an Incident (.'mission sl:;;nal P. Detectors 
using tho thermal effect are generally much slov.’oi’ (j*esponse ty^’lc-ill; 

>1 msec) than quantum detectors (rerponse time typically <1 //noc) 
One problem in the detection of IR radlatlc'n is the IR background 
radiation which falls into the detector in addition to the the de- 
sired radiation. In order to be able to detect woalc intensities in 
front of a strong background j the radiation to bo measi.irod must be 


periodically chopped. The res 


intonoity fluctuations then lead 


to a corresponding, periodic signal at the detector output which was 
usually independent of tho background noise. The photon noise of the 
background radiation is now superimposed by the noise generated In the 
detector itself. Frequently, tlie manufacturei’S call the omission power 
output equivalent to the total noise voltage of the detector black 
background radiation at a given temperature. Photon noise of the 
background as well as internal detector noise are dependent on tem- 
perature, so that through reducing the tompei'’ature, the detection 
limit of the detector can generally be decreased. To measure astro- 
nomic IR radiation from very weak sources, the cooling of thermal 
detectors to less than 1 K is deslreable (Katterloher 1978). Operat- 
ing temperature of in the GIRL Interferometer is tuned to the 

expected astronomic radiation flux. To record the pos'Itlon inter- 
ferogram with the desired S/N ratio, these low temperatures would not 
be needed. 


Different detectors were tested for use at GIRL operating tem- 
perature. Responsiveness in the reference beam and detectivity were 
determined or the data from the manufacturer was checked. Measure- 
ments were performed on four detectors: three photo conductors made 

of copper dosed Germanium (Mullard Ltd., London; Advanced Kinetics, 
Costa Mesa, USA — two samples; operating temperature, ^ K) and one 
photo diode (InSb,, Barnes, Stamford, USA, operating temperature 77 K). 
Photo conducting detectors consist of one pure, one dosed and one 
connecting semiconductor. With copper dosed Germanium for instance, 
electrons of the foreign atoms are usually elevated by incident photons 
over an energy gap Eg Into the conductivity band. Tho minimum excita- 
tion energy Er, of a semlconduotor defines a limit wavelength Xg = 
hc/Eg (h: Planck constant, c: Breed of light). Radiation whose 
wavelength exceeds this limit cannot be detected by tho detector. 

The 


jpectral uonsltivlty R( x ) is therefore torainat od at Xp-. With 


Increasing photon energy, the roDponsiveness (generated chai’ge car- 
rier per incident power) decreases again since the number of charge 
carriers is proportional to tho number of photons, so Hint a rela- 
tively narrow band sensitivity range results. A photovoltaic de- 
tector Is designed as a semiconductor diode (detector unod consists 


•^3 


of indium ;mi inion hU' ) . T’lO nnino oxoltat Ivm iiiO'-hani run mid n iitmilar' 
i’OBponr.o chv'inuolorlcd I v‘ 'u*. tdio rlmplo t'hut vu'ondu'v’i on ]» found Imro. 
The oharj'ie c.’uudor pnlnr. fionoi'at.r l by abu.'npt I-ui of idio 1 1 {•ht:. quantum 
ai‘o aopar’at.ed l\v Uu* d*.-'do in the field <' f Ujo ohaiv'.o i-ai’nioi* uono, 


Time, a plioto-volt.ap,o ic .lom 






.-.'hloh io lonal to t he in- 


olclent eiiilttod power. The prv^port h r of t he vi-. fiAp oi* il<‘pond v'cuuvld- 
erably on Ihe applied Mar.: hy :;u>'inr. of mi .'ni.r. t ' nnl eontroll able 

count er-volta{'te , the vletoet ivlty oan be op; iniln-'d. Ivlth phot, o eon - 
duet.orr. howevt'r, only t-hi'oup.h the applieai ion ;'ii oxtornal bias 
can an eloetrleal nltwal be obtained. Fl;-ure f” shown the e l.ivulta 
usod to eonneet t he detectors to the preamp input, . Alri'.ady tested 
amplifiers with known frequency response and rr'lse fnetuo* were used. 

^t.2.2 Measurement of tlie Responsiveness 

Determination of the responsiveness R of the detectors Is used 
to precalculate the signal Ronerated by the laser interferof;ram, 
and to determine the noise equivalent power .'iceordlnn to Rquatlon 
3.16. Since no cal ibration source vias available , the Golay cell 
was used as a reference since accurate information on the responsive- 
ness as a function of viavelennth and chop frequency was made avail- 
able by the manufacturer. This thermodetectoi’ consists of a radi- 
ation absorber and a connected nas cell with diaphragm. Under the 
effect of TR I'adlation the gas in the coll heats up. Duo to the 
resulting increase in pressure a the diaphragm is pressed into a 
wall of the coll: this is converted into an electrically measure- 

able siRiial. The sensitivity raiifie extends from visible lisht dov«i 
to Bubmillimeter wave radiation. Hov/ever, it is limited by the 
entrance window (to a wavelength range between 1 and about • C/t:r 
through a KRS5 vMlndow in this detector). The time constant of this 
detector Is about 1 second. 


/fiO 


Since the responsiveness of the detectors at t-he r ference 
wavelength is of interest, a semiconductor diode laser ,;as always 
used as emission source. Prom its cone of rays, a bundle was gener- 
ated through a perforated aperture which was measured by the Golay 
detector and by the detector under study. Selection of the aperture 
Is governed by the dlffei’ont sine of the detector element. The bundle 
must have sufficient cross-section so that it can still be fully regis- 
tered by the detector with the smaller sensitive surface. By means 
of a lens, the divergent laser beam bundle is collimltered at the 
detector to achieve sufficient emission power outputs (Figure 28). 

The sensitivity of the Golay cell is in principle high, depend ing 
on the chop frequency} a favorable frequency range is between 0.2 
and 20 Ha. Therefore, the laser radiation is clicpped by the I 3 lie 
modulvited diode current of the laser supply system. Here, the rospon- 
slvonear. according to the manufacturer Is = i.T-lO*'' V-'W, .that is, 
of the maximum value at 1.5 lla. The oioctric detector signal is 
measured by a loek-ln amplifier (ithaco. Mod . I'ynai rao ' Because 

of the method of (qH'ratlon of tlie lock-in amplifier (phase sonsltlve 
rootificatlon of the signal ' base wave), the Indl caled value vlei'ends 
on the feed sl'iua l ciiape. Because of the d.I ffe,ront response t imes of 
the detectors , d‘ fforent signal slia}»es are pro-.iuceil mul this leads to 
uncertainties of up to 105 in the signal ami'l H-ivde even at'ter appro- 
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Figure 27: Block diagram to connect the IR detectorB to the preamplifier. 

a) photoconductor 

Rj^: radiation dependent resistance (detector element) 

supply voltage, R,^: load resistant 

b) Photodiode 

Up.- radiation dependent photo voltage, Rg, Rj^: series and shunt 

resistance of the diode (simplified substitute diagram). A controllable 
countervoltage can be applied by means of the d.c. source (U^,), 
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PiGure 2S: Sketch of the test setup for compsirat:i ve measm->einent of 

the response capability 


not very accurate becvause of the larpe, effective bandwidth. 


The sensitivity of the quantum detector itself depends very little 
on the chopper fi’cquency. Therefore, for a fi'equency of the interfero- 
gram signal of about 80 Hz, only the smallest deviations in the respon- 
siveness from the values detex-minod at 13 Hz is expected. A comparison 
measurement at 80 Hz is not possible because of the significant loss 
in sensitivity of the Golay detector. For dlffei’ent lasei"* pov;ex’’ 
outputs, the signal voltages of the Golay cell Sq and of the detector 
to be studied S were measured and, by using the equation: 


r> 

o 

the responsiveness R related to the Golay detector was calculated. The 
signal ratio S/Sq is not entirely independent of the selected radi- 
ation power jn several cases. The cause for this is a deviation in 
the relationship between output signal and incident radiation power 
from a linear function. In this case, the signal values correspond- 
ing to the size of the expected interferometer signal (at about 

. ) are considered. Most values of responsiveness were taken 
at a laser wavelength of D . and these are given in the following 
table, together vrith data from the manufacturer. 


The deviations from experimentally determined values are partly /52 
due to measxvrement uncertainties, absorption by the entrance window 
(the resulting responsiveness with the rigid window cannot be deter- 
mined exactly because no transmission data are available), by the 
specidl test conditions (instead of a black body emission, mono- 
chromatic radiation is measured) and by alteration effects in a 
detector (Mullard). The greater responsiveness of the Golay detector 
is based on the amplifier integrated into the detectoi’, whereas the 
other values contain no amplification factors. 


For laborntoi’y testing 
laser (SDL, Laser Analytics 
Since this detector hixs its 


of the feed monitoi>ing system, a 4.4 pm 
Company) and tlie InSb detector were xised. 
maximum responsiveness at the 
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Data from the manufacturer relate to a wavelength of 5 /^m and were 

obtained by conversion of the maximum sonaitivity (usually supplied) 
with the supplied sensitivity characteristics. 
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Figure 29: Relative response capability R/R^gj^o pias ^ function 

of the diode bias voltage 


responsiveness at 4.^ _ m. (1. 2*10^' V/VJ) is much greater than at 5-2 ^..m 

(2.1‘1o 3 V/W); the values indicate the steep drop in sensitivity near 
the boundary wavelength. These values were determined at a "sero 
bias, "that is , the countervoltage was adjusted so ihat the photo- 
voltage Dp ii: 109 niV caused by the laboratory background (ca. 300 K) 
was completely compensated (sero bias condition). By variation of 
the countervoltage at constant emission signal, the relationship 
between responsiveness and the bias applied to the detector (diode 
bias voltage) was determined. Figure 29 shows thl;’. relationship. The 
best responsiveness is achieved for declining bias without adjustment 
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?’i:’;ure SO: Ro^lationship of noise voltage n ’.vlth frequency f for the 

InSb detector 


of the photovoltage j a regression to 13 % of the maximum value Is 
found . 


4.2.3 Determination of Noise Equivalent Power (NEP) 
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One important criterion for selecting the particular detector 
Is the noise equivalent power, since it is in a direct relation with 
the S/N ratio of the Interferogram point and thus with the reading 
accuracy. Prom the measured values of the responsiveness R and the 
noise voltage n of the detectors, according to 3-16 the NEP can be 
determined. To measure the effective value of noise voltage, a 
lock-in amplifier with a noise option was used (Mod. Dynatrac 391A, 
Ithaco Company). Thus, noise spectra could be measured in the fre- 
quency range between 10 Hz and 1 kHz with variable bandwidth. With a 
variable bandwidth of 1 Hz the standarised noise level n can be read 
off immediately. The detectors were operated under conditions where 
the sensitive element is exposed to the unchopped laboratory back- 
ground of about 300 K. Because of the greater background noise at 
this temperature compared to GIRL conditions, the measured detectivities 
are smaller than at 4 K background temperature. The potential improve- 
ment is insignificant however, since internal detector noise still 
predominates : the amount of photon noise contained in the background 
emission for known emission power output Pjj and temperature Tw of the 
background amounts to a maximum . . r-. . : ,,,, , 1 • 


(Katterlohor 197?). As a initial rough estimation for tiie InSb de- 
tector wo have: vrlth tlie effective background radiation of about 

for a given sensitivity range and given Etendue v'lt the sensi- 
tive element, there result, s a noise level of , . r’-v 
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whereas the given NEP is greater by a factor of 5. In the frequency 
range of the lock-in amplifier, the noise voltage was measured with 
a bandwidth of 1 Hz at several frequencies. With increasing fre- 
quency a drop in noise voltage shows up. This is illustrated in 
Figure 30 for the photovoltaic InSb detector. The decline in the 
curve is attributable to so-called 1/f noise contributions (Hall 
et al. 1975). VJhen using the preamplifier for these measurements 
(Infrared Laboratories Inc., Tucson, USA), an upper limit frequency 
of the entire circuit of more than 10 kHz results. Through extra- 
polation up to 10,000 Hz (Integration time of the position electronic 
system. Section 2.2) while retaining the value measured at 1,000 Hz 
(worst case), the average effective noise voltage n can be estimated 
for the interferogram. Thus, from Equation 3.16 we obtain the noise 
equivalent power as : 

^ (i,.5) 

or the detectivity as D = NEP . The measured HEP values are given in 
the table below together with the values provided by the manufacturer. 


Manufacturer's Measured 
Detector type Data Value 


-O 


Manufacturer’s Measured 
D?rha Value 


, I . 




Q ‘ 

. C, * XK ) 




s - I 2 


V * it, ® \ • 


.'’' 10 . 2 ' . 10 ^^ ! 


Since the NEP is also independent of wavelength — just like respon- 
siveness — the manufacturer’s data must be converted to the reference 
wavelength. Here, an error of about 20^ is expected. Deviations of 
measured values are partially due to inaccuracies in the determination 
of noise voltage, and partly due to errors of measured values of 
responsiveness. 


I 


The maximum permissible NEP in the reference beam at a power output 
of 10 -W is 5*10“H yy (see Section 3.2). Therefore, the first 
two photoconductors checked at operating temperatures of 4 K are un- 
suitable for the position interferometer. The S/N ratio vjhen using 
the Advanced Kinetics (AK) detector is calculated as about 20 from 
equation 3-17, this was also estimated in a coi’responding test with 
a laboratory setup of the feed monitoring system on an oscilloscope. 

To set up and test the system in the laboratory, the photovoltaic 
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31: Measured dependence of tho standariaed detectivity D/D„ v.tow- 

InSb detector on the bias voltage 
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Figure 32: Spectrum of the >4. 4-(ir.’i-^ diode at l44 mA 

a) detector was driven under optimum conditions 

b) operation at bias of ca. 20 mV 


Section 4.4) 
u-< in 
on the 
of 


InSb detector was used. The required S/N ratio of 800 (see 
can be achieved with it even with a power output less than 
the parallel beam. The noise of this detector is dependent 
bias declining at the detector element. Thus j v;ith the profile 
responsiveness already shown there follows a regression of detectivity 
with increasing bias (Figure 31)- The best properties 
the detector thereafter at 0 bias conditions; 
given in the table was obtained with this mode of 
under this optimum condition, the detector vjas now 
measurements. A deviation from this condition led to an increase in 
noise in the si.iaial emitted by the detector, "iil.-’. can la? K-monst rated 
for example, by using two laser spectra taken at very low lasei- powei’, 


are found for 
the detectivity 
operat Ion . Llkovnl s e , 

onorated for all 


. . ling 

one at soi'o bias and one v.’ith non-nero 


bias 


(?:I ru: 


iJU/h the 


45 




second spoctrum, an increase In noise is seen. 


The detectivity of the InSb ileteetor also depends on the in- 
tensity (see manufacturor 's information) of incident radiation of 
wavelenfjths < ; A^rr , provided ti;"y eiHicnintor the sensitive element 
during cooling to 77 K. The KEF value W/ i,.';,-) was measured 


after covering the detector with 
for A > 1 U-. ) during the cooling phase 
is about 1*10“^^ ’■p"',. However, once 


W/ 

c-rmanium lens (transmission only 
VJitnout covering, the value 
he detector reaches its 


operating temperature the radiation I’cmains below . without 
adversely affecting the detectivity. 
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^ • 3 Beam Splitter — Determination of Efficiency 


Through the measurement of reflection and transmission on avail- 
able mylar foils 5.0 i 0.5 /'•'■m and 12.0 i 1,2 /on thick (manufacturer's 

data), the efficiency was determined experimentally and suitability 
of the foils for the Kichelson interferometer, specifically for 
laboratory setup, was checked. The accuracy of the thickness infor- 
mation is not sufficient to determine applicability of the foils at 
the wavelengths of X= 5.2 /*.m or 4.^ /tm by using the equations in 

Section 3* 3- Therefore, phototransmission and reflection of unpolar- 
ized light was checked vilth a speebrophotometer (Perkin-Elmer Company). 
The measured results are shown in Figures 33 - 35 and are discussed 
below. 


The strong absorption lines in the region between 5 and l4 m 
affect reflection and transmission decisively and render mylar useless 
as a beam splitter in this spectral range. The periodicity is ex- 
plained by the Term cos S in equation 3.20. With equation 3.22, 
the foil thicknesses are determined as 4.8 - 0.1 /im from the spectral 
separation of the reflection maxima or transmission minima. For an 
angle of incidence of 45° in the interferometer, we thus obtain fav- 
orable wavelengths from equation 3.22 as A = 29 . 9 , 9 . 5 , 5 . 7, 4 . 1, 3 . 2 , 

2.6 which roughly agrees with the position of the transmission 

minima measured at a 45° angle of incidence (Figure 34). The devi- 
ations can be attributed to inaccurate knowledge of the refractive 
index which affects the period of reflection and transmission, and 
to the phase jump of the reflected beam which is different for re- 
flection at the outer and inner boundary of the foil (Dlelectricum) . 

In the ideal case (electrical conductor) this leads to an additional 
phase shift tt between the inner and outer reflected beam, as contain- i 

ed in equation 3.20. A phase shift different from 7T causes prl- j 

marily a shift in the Tq and t^ curves while keeping the periods | 

constant. j 

j 

The maximum efficiency in the shortwave range can be determined i 

by the reflection maximum r^ = 0.15 and the transmission minimum j 

to =0.8 and amounts to 0.48. The absorption of the thicker 12 .jn I 

foil is clearly greater than that of the 5 .m foil. Prom the perio- 1 

dlclty a full thickness of 12.2 ± 0.2 „m is’ found. The beam trans- 
mitted at 45° is partially polarised arid results in a polarisation 
effect in the transmission curve which is caused by Uu? instrument . 

1 
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Figure 33: Reflection and transmission of the 5- _,m foil for perpen- 
dicular light incidence (angle of incidence upon reflection of 6.5 de 
grses is due to the equipment, it has only an insignificant Influence 
on the periodicity of the curve). 
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Figure 34: Transmission of the 5- 


,m foil at 45° angle of incide.nce . 
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‘3. 2 .m, at tho wavolony.th of the laser uno-i (t.’i m) however, 

they have a very small. effoctivoMonn , V.Mth ra.iiation of this 
laser, the entire transmission and ref Icro j vai of i lie 3 foil at 
an anit;le of incidence of ^15° i-:; now d^'tormln- d. The diode was in- 
norted in tho cryostats so that tho plane cf the p-n transition 
v;as perpendicular to tho incident piano of the reference beam in 
the interferometer. The polarisation plane tf the laser (Section 
^1.1.6) vtas thus sloped only 30*^ to the favorable vertical polarisa- 
tion direction v/horo the maximum of ficlc.-ncy values are achieved. The 
reflected power of a colllmiter laser beam v;as .If, the transmitted 
pov;er v.aas 9Sf of tho incident power. Thus, an effectiveness of 0.08 
results so that when uoinc a beam power output of 10 ,.W at the 

detector with the measured MEP (10“i2 W /'ll' Is from Equation 3*17, 
a S/N ratio of ^1,000 for the interferometer sipiial .is obtained. 

Thus, this team splitter can be used for laboratory tests with the 
,^m diode. 
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^ ^ Test of the Positioning Electronic System 
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The positioning electronic system was developed by electrical 
engineers at the institute and is described in Appendix 2. Belov/ we 
shall report on the tests performed with it. In order to do this, 
the laser interferogram was simulated by voltage signals. Using a 
sine signal with a frequency of 80 Hz, a non-interferred interfero- 
gram was generated in order to study the influence of-signal amplitude 
on the beha\'ior of read pulses belonging to extremal and aero posi- 
tions. The time shift between actainment of the extremal position 
and transmission of the appropriate pulse was on the average 2 r for 
a maximum amplitude of 5Vj ( r : integration time of the position 
electronic system, see Section 2.2) and this was increased upon decay 
of the amplitude below 1.5 V. The corresponding shift between 
attainment of the zero position and the transmission of the read 
pulse (at maximum amplitude, equal to t on the average) increases 
upon decay of the signal amplitude below 0.2 V. Thus, the actual 
signal profile at the detector of the positioning interferometer 
with amplitudes between 3.8 and 5 V permits the use of all support 
points when utilizing maximum resolution. 

The main interest of the test was devoted to the behavior of 
the read pulse with an interfered signal. Through periodic motion 
sequences of mechanical parts (e.g. crankless engine) as v;ell as 
through st at istlcalljr distributed interference (e.g, detector noise), 
the laser interferogram was modified. This was simulated by super- 
imposing sine signals vjlth discreet frequencies or noise voltages of 
different bandwidth on the undisturbed signal. The block diagram of 
the test setup is shov/n in Figure 36 . By variation of the interference 
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Figure 36 : Block diagram to simulate the feed monitoring with dis- 

turbed signal 


Key: 1-position electronics (signal) (readout pulse) 2-trlgger 

3-oscilloscope 4-sine generator 5-useful signal 6-interference 
signal 7 -noise generator 8-lock-in amplifier 
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100 1000 t(Hz) " 100000 

Figure 37 ’ Frequency dependence of deviations in read-out time point 
for constant useful-interference voltage ratio 200 and the frequency 
of the useful signal 80 Hz. 

4t: time interval within which the pulses belonging to an extreme 

position are transmitted. The time interval between regular readout 
pulses is 32 r . Multiple pulses appear in the frequency range marked 
by the bar. 
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.'.uporimposod r ino Interference 


fluctuations resulted at froquencles be- 
The aero pulses under these conditions 


The decisive quantity in tho aalculation of effects on the 
Fourier spoctinim is the standard deviation of the pulse locations. 
This is obtained by ansuminc'; uniform distribution of tlio read time 
points from the actual observed shifts At\ and the average shift 
ia" coraparod to attainment of the ideal support point positions 
by using the equation: 


Here, the feed velocity is assumed oonstvint. (J: number of 
different read times belonging to an ideal support point). 


With sine interference of diffex-ent freviuencies , the dependence 
of the standard deviation on the usefiil-interferonco ratio S/N 
was studied. The typical behavior of the standard deviation for a 
low and a high Jamming frequency is shown in Figure 38. Mien using 
all suppox-’t points, the solid curves are obtained, when limited to 
the sero passages, the dashed curves Illustrate the relationships . 
The time interval r oori^esponds to the optic shift Xp/128 (see 
equation .3.8), which Is why the sine of tho standard deviation is 
pr’oportional to tho laser wavelength. The given values pertain to 
Xl “ 5 m. It is clear that interference 'signals of high fre- 
quency must be bottei’ suppi'ossod than low frequency signals in order 
tvo limit the support point ei'i'or. Mien using tho soi’o p'-^-sages, 
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Figure 3S: Standard deviation of support points of the function of 

useful-lnterforeneo voltage ratio at froquoncles of sine interference 
of 90 Hk 0 and ^000 IIs tJ . Auxiliary lines : appearance of multiple 
pulses 



Figure 39: Standard deviation of support points ( — aero passages ^ 

— all support points) as a funetlon of signal to noise ratio at 
pm for white noise of 10 kHs band width. Additional linos: 
appearance of multiple pulses. 
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Aiot.t*inb uiul Teatrinr; of the Foocl Monltcrlin’^ 

'.1 1-ot’ori.rt ion of the Laboratory Syntoin 

(■ lp<'‘’faro,noter consists of Its specific oemponents 

(uiodw. lastly detector and positioning;^ electronic system) and also 
components of the main interferometer. Since the 
version of the main interferometer was not yet avail- 
alle a laboratory model was constructed whose components ai-o descrlb- 
fold'iar^r ^’-floetors in the Interferometer arms: wrusertwo 

0 5^ ra^ To^iUer.t’^?h® surface irregularities less than 

u.j m, ro dxvert the partial beam in the moving Interferometer arm 
the cube coivior intended for use in GIRL was used. It irmounted on 

less than the permissible* value when 
oi ip, a cube corner (about I'-’). By means of tip measurements' with a 

i^stL Hewlett Packard (Laser Measurement 

Mod. ,'»-.iu6A ) 5 tips of a maximum 13 arc seconds about a veT>ti 
rotation axis and a maximum three arc seconds about a horizontal axis 

arLtlf f?"d ST?? (this ciJjespoidfto 

adhifihi: r !' mlorometer screw of the 

adjLUitable^table, a drive motor is connected by moans of a snrlnv 

ieiiows. bince the varlvatlons in the ci'ankless engine in its ni’lsent 

severe interference with the Jairminp; model a low 

Compviny, Model GR was used 

'' nufflclent uniform movement of the'Lbe comer 
attenuate? external vibrations the ;Int erferometer was 
b lit on an air cushion optical bank (Vibration Isolat T? R?stem 
haling Company, P-outh Natie, USA) whose internal thvciuonch-. iL'ln a 

s-' shown -:n figure ^10. With the t'xeoptlon of the 
,.,.,.or voporai.Uig temperature ‘I K) and the detector (7V K) all comoo- 
neiiT s oi the v’-ysa em were at i*oom temperature. ^ * 1 

I-’or use in the feed monitoring system, the •.•livergont laser beam 



Figure ^0: Laboratory version of the feed monitor system 
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bundle has to bo converted into a parallel bundle of about 3 inm diameter. 
In order to do thin, a (Jermanlura lens (focal lon.f’ih f = 11 mm, diameter 
apoi’ture : '* ram), was inn tailed in the laser dowar at a distance 
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(see Piguro 2.1 a, p. ^tC) and the li-seribcvi 
of the figure, the utilised fraction of las 
(that is, about 25 W). In addition, Uu? vU:;m 

beam bundle was determined as a function of th-s 
(compare the scan method, section The 

have a diameter of more than ^1 mm at a dlstanco 
laser (maximum optical path of the radiation in 
however, the main fraction of intensity is con 
appropriate circle. Appi'’oximately of the intensity strikes the 
sensitive surface of the detector (dlamete?r 2.25 mm). Figure shows 
a horisontal and a vertical cross-ooction through the intensity dis- 
tribution of the cross-sectional surface of the bundle at 9 cm and 
67 cm distance. The properties of the studied laser bundle (intensity, 
divergence) permit Its use in the feed monitoring system. 

5.2 Tests of the Peed Monitoring System 

Under consideration of the effectiveness of the beam splitter 
and the reflectivity of the cube coxvier (six reflections correspond 
to 75% transmission), together with the above losses caused by the 
geometry of the arr’angement , we obtain a signal amplitude at the 
detector output In the range of to 5 mV (see equation 3-1^). This 
signal is amplified in a preamp (Infrared Laboratories Inc., Tucson, 
USA), whose input was adapted to the detector output, by a factor 
of 1,000 to 4 to 5 V, hefoi’e it is evaluated in the positioning 
electronic system. The block diagram of the entire signal processing 
system is shown in Figure 42. 

During the shift of the cube corner, the amplitude of the mod- 
ulated signal changes by aS 5, IV. The larger fraction of variation 
consists in a monotonous component, caused by the small divergence of 
the beam bundle; the smaller fraction is defined by the periodic 
fluctuations and caused by the secondary lines appearing in the laser 
spectrum (Section 3.1). Figure 43 shows examples. The working point 
can be accurately adjusted during x'^ecordlng of the interfere gram, 
since secondary lines are clearly noticed through the behavior of the 
amplitude, as we can see from the signal profile of the inaccurately 
adjusted working point (Figure 43 h). 
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One peculiarity of the laboi->atory setup is the noise 
of the beam splitter, since the system is not operated in 
Noise like loud conversation excites the beam splitter to 
which initiate additional modulation and multiple pulses In the inter- 
ferograra (Figure 44). Therefore, during tests all interfei'ing 
had to he avoided. No effect of the soft motor noise on th 
gram was obsex'ved. 
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Figure 4l: Relative intensity in the I’eferenco beam bundle plotted 
against horizontal and vertical local coordinates (perpendicular to 
beam direction) at a distance 9 cm (a) and 67 cm (b) from the laser 
The local resolution is 1 mm by using a 1 mm perforated aperture in 
front of the InSb detector. 



Figure ^2: Block diagram of the electronic system to recoi’d v'?nd 

process the Interferometer signal 
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Figure 43: Profile of interferometer signal along an optic shift path 

of 1.8 cm. 

a) operating the laser at the working point (0.959 A), 

b) inaccurate adjustment of the vjorking point. 'Pile behavior of 
the signal amplitudes can be seen by the chronologj.cal time change. 
From the periodic modulation, the relative intensity of Secondary 
lines in the laser spectrum can be estimated. 
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Figure Interferometer signal for secondary noises v^ith readout 

pulses given off by the position electronics at all points which can 
be considered as extreme positions or zero passages 



Figure 45: Inferometer signal with readout pulses. The deviations in 

readout pulses from the ideal support points are on the average less than 
0.06 ’-m. The optical path shift between the pulses is 1.1 im corres- 

ponding to a time difference of about 3 msec. 




secondary lines are a maximum 0.03 in accordin?^ to equation 3 . 8 , 
since they poir.ess a fraction of only of the main 3ino intensity 
(ratio of intensities of secondary lines and primary lines r-x/^o 
-■ 0.05, see Figure iS o, p. 35). Since the total noise voltage 
measured at the amplifier output of the operating system is stiil 
below 2 mVj the interferometer signal (S = ‘iV) ha.-, a s/N ratio of 
il 2000 . The I'csulting quadratic, averaged c-rrer of all sui'port 
points remains limited to 0.03 . m (sec Figure ;19, p. f> 6 ). The 
maximum permissible value of 0 .06 .. m (see equation 2,6) is therefore 
clearly greater than the error obtained. Thus, all prerequisites for 
accurate work of the positioning electronic system and thus for a 
high resolution feed monitoring system have been created. 

The shape of tho interferometer signal deviates from an ideal 
sine curve since the actual feed velocity of the cube corner is not 
constant because of mechanical effects when moving the shift table. 

The interferometer signal was taken at various advance speeds and 
evaluated. Figure 45 shows the interferometer signal with the read 
pulses emitted by the positioning electronic system at an advance 
speed of 350 ,nn/sec, whereby a signal frequency of about 80 PIz 
resulted. The read pulses mark support points separated by 1.1 am, 
even though the time in v/hlch the cube corner moves from one support 
point to the next is not constant. The support point errors resulting 
from the appearance of secondary linos in the laser spectrum and from 
the noise components of the signal amount to 0.06 im (see above). 
Thus , a feed monitoring system has been constructed which meets the 
requirements outlined in Section 2.1. 

Summary 

For the helium cooled spectral, high resolution (- 7 ^ 10^) 

Michelson interferometer to be used aboard the German IR telescope 
GIRL on Spacelab, a new feed monitoring system was constructed as a 
laboratory model and tested successfully. This model is a position 
interferometer which uses the beam path of the GIRL interferometer 
and a monochromatic IR emission source and a suitable detector. As 
emission source, for the first time a semiconductor diode laser 
with a wavelength of 5 . m was used and is arranged like the detector 

in the GIRL cryostat (high vacuum, temperature T lOK). 

The significant fraction of the work consisted in deriving the 
critical properties of the component (diode laser, detector, beam 
splitter) critical for the system and to test them experimentally. 
Accordingly, for a used emission power of the laser of 25 i-- W with 
a sensitive detector (measured NEP ~ interferograms 

were taken from which the positioning values were determined by 
scanning by a computing read electronic system. 

The test results of the used component show that the feed moni- 
toring perfoi'’raod exhibits the required accuracy of 0.06 m (for a 
dynamic range of 100 in the astronomic spectrum). Thus, the feed 
monitoring system of high resolution has been constructed v^hich is 
suitable for use on satellites in cryogenic conditions. 
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Noise in the Pouriex’ spectrum for random (statistic) read 

ei^ror . 


Let the support point errors / x at the Ideal 

Xj^ assume the statistic values .Xj^, n = 1, 

suppoi’t points. At distance 1 we have the follovrin;’; 
support points: 


support points 
N^, : numhor of 
equation for the 


(A. 3) 


Along the interval 0 ‘^x L, a stepv;ise, constant (stopping) 
function f(x) is defined v.hich assumes the value of the support point 
error at the support point: 


The function f(x) is limited along the given interval and is 
stepwise constant. The Fourier series P(x) of the function: 





therefore converges on the average to f(x). Since the number of differ- 
ent values Xn at the discreet suppoi't points Xj^ is at most equal to 
Nq, the series development is terminated at m = Nq. Prom the conver- 
gence at the mean we obtain the equation: 

T 

I J (f(x))2dx i + 

0 

The Fourier coefficients and bj^ represent the amplitudes of 
the periodic error components generating the ghost line pairs in the 
Fourier spectrum. As an average square of the amplitude we define: 


N 


f 




(A. 2) 


%T 



With equation A. 2 we obtain, by neglecting ao (the constant 
terra does not result in ghost lines): 


TvT 


k- r t ^ t 1 

■•'•O J *''0" 


2 

Prom this results the following equation, after application of 
the standard deviation of the support points : 


/7Q 


.V 



' 

♦ ■ ' X 


S3 


After application of equation A.l, the relatione, hip between the 
quadratic avoraced error amplitude and the quadratic averap,ed support 
point error is determinedi 


The periodic support point error of amplitude "a" p.enorates a 
pair of p;host lines in the Fourier spectrum with relvUt.ive line peaks 

■ ’ in the vicinity of a real spectral line (wave number 

see Cection 2 . 1 ). The different ooiapononts of the statistic 
support point error generate ghost lines in the vicinity of a spectral 
lliiG in all spectral elements of the Fourier spectrum. According to 
equation 2-3> for the average quadratic relative amplitude of the 
ghost lines for the presence of a spectral line we have: 



(n- V. 



and vuth equation A. 3 we have (in the worst case): 


3 , 


iTT V ~ cr 


(A. 4) 


The number of independent spectral elements *is Nq (see Section 
1.3, equation 1.2, 1.3)* The ghost lines appearing in all spectral 
elements attributable to the presence of a genuine spectral line 
represent noise in the Fourier spectrum, Additional genuine spectral 
lines provide additional contributions to spectral noise through the 
attendant ghost lines. At a maximum of Nq spectral lines of the same 
intensity, for the relative ghost line amplitude we have the following 
equation, averaged quadratlcally over the spectral elements: 


,0 






represents the avex’age noise at each spectral element of the 
Fourier spectrum, related to an average line intensity. With equation 
A. 4 the relation to the standard deviation of the support points is 
obtained : 


Appendix 2 

Description of the Posit jonlnj; Electronic Jtyotem 

The positioning eltctronic system is llluntr'itod in F’lgure H6. 

An input signal whose freqency f lies in the cat.tur'c range (50 - 130 
Hz with regard to the intended signal froo.uenny '’'0 Hz), effects the 
tuning of the pulse generator to 128 f, whereby the integration time 
is specified as t = T/12S (T: period of the interferometer signal, 
see Section 2.2). Below, the profile of the interferometer signal 
will be described by the electronics. 

The input voltage is digitalized in Increments of u = 2.^^ mV = 
Uo/20il8. Uq is the maximum input voltage which may not be exceeded 
by the signal amplitude in order that the support points can be pro- 
perly evaluated. A relative extreme is found if we change the sign 
of the difference from the actual measured value (memory 1) and the 
measured value taken one time Interval ago (memory 2), and the atten- 
dant value (in comparator 1) is stored. Prom the maximum value 
(memory 3) and the subsequent minimum value (memory 4), the arithmetic 
average is calculated. The comparators 3 and ^ prevent use of a 
secondary maximum or minimum. The result serves as a precalculated 
zero line for the following zero pascages. The zero passage is recog- 
nized upon change in sign of the different from the actual measured 
value and this average value (in comparator 2). According to the 
named change in sign at the comparators 1 and 2, the release of a 
read pulse is triggered. 
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Figure H6: Block diagram of tho position electronic system 
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Position of the hero pvT,ssaGes In the Interferosham of a Lorenta 

line 

The interfero^ram of a Lorenta line has the form (equation 3-f): 

; x' " 1 •• X > ' * T ' (A. ?>) 

Because of the very small shift in extremal positions of I(x) 
(see Equation 3 J 1 ), at the known line width f - • 

the follov/lng equations approximately apply to the value of a maximum 
and the subsequent minimum: 


^v-r- “ axp -a-£>v'n + 1", n e N 

The arithmetic average Mq thus is: 

^rr.ln^ “ ^ ^exp'-TreX^n' • 'I - exp* -ir£.Xj^) 


(a. 6) 


In the feed monitoring system, this arithmetic average value is 
used as a sero line; it is different from the ideal value 1=1 
(Mo>'l). Thus, a shift in position of the sero passage recognised by 
the feed monitoring system to the ideal position of the zero position 
results. This shift P.x is now calculated. 

For the position of the zero. points of I(x) we have: 


(n + " , 


n G K . 


The position of the two zero passages used in the feed monitoring 
system at x = 'n + and „ _ . ‘^^AL result through equating 

n “ 2 ’P 2 2 

equation A. 5 and A. 6. For the sero passage with the greatest deviation 

- 


^vXu 


we have: 


f** iP' 

Qxpi-TreXj^' 'n + - PTreax • • c’S 'Trfn + + Pirv^ax'' 1 

^ ^ exp '-freX.-r/ • O. - i>xp- -TTBkr' 


From this follows with £Ax <?; 1 
sin .'fiTU ax) - •;^(-l )^exp(™TT£X. ) ’ ( 1 - exp(-irE>w ) ) , 
and for small deviations .U and small line widths 

■^L 

there results: 
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Appendix ^ 

Position of the aero points in the interforogram of two spectral lines 

The Interferomoter signal disturbed by a secondary line of the 
laser can be vv'ritton in t.he following form (index L = main laser line, 
indix N = secondary linoj see Equation 3-6): 


S ' X • « Sg : + s.sinC 3irvv»x ' 

e I N 

?he aero points of the undisturbed signal Sp 

S- ‘ X ^ = v3 0 '■ n v. x ' 

O ji^j 


(A. 7) 


lie at r. 


■, . For the aero points x^ ' of S(x) we now use: 


n -r- + 


(A. 8) 


and substitute into S(x) = 0 (equation A. ?)• With the approximation 
for small shifts *^>L .v i ax \ wo have: 

V- ^ )^2-n-a AX + S^(sinC2irVjjX^^ + rrC^Ax •ccs(2irvj^pc^) ) 

ThuSj for the shift Ax of the zero points of S(x) compared to 
the ideal position we have: 

- ^ sin; 2 ttu,x„' 


^'1 




Now, with the approximation for small intensity ratios of the 
main and secondary line (S^/Sq <■ l),we have: 




(A. 9) 


because 


Einiar ve- i^»^x 


N "'n 


= B.1 n ; 2ttk x^ ' CCS 'SfApc ' - cos (2\rv. x ' • 


in(2Trv,pc^'; 


I'i n 


there follows from equation A* 9 by use of ^ 1 


Id- sinf2iTAVx„') 
2tt S.-, 


(A. 10) 
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The maximum shift ^V^max occurs when a zero point 
coincides with an extremum of the interference Sj^(x). 
equation A. 7 and A. 8 we have: 

0 = S^(-l)”5inf2TTV^AXj^_ax' “ 

Thus, we obtain an error amplitude a = 


a ^ arcsin , 

2 m So 


A. 10 


That is, for Sj_/Sq 1 the amplitude of ,\x is 
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a ^ 


2t S 


0 


Xn’ of S(x) 
Then from 


as in equation 
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